This article presents evidence for over 4200 prehistoric shell midden sites distributed on opposite sides of the southern Red Sea. These sites were primarily discovered using survey methods and site location models developed for locating shell midden sites on the Farasan Islands, where over 3000 have been found during previous research. These sites have been extensively excavated in the field and dated. Combining predictive models with remote sensing, an additional 1200 sites have been detected on the opposite side of the Red Sea, centred on the Dahlak Islands in Eritrea. Before these discoveries on the Farasan and Dahlak Archipelagos, the number of published prehistoric shell midden sites in the southern Red Sea was less than twenty. Combined, these sites represent a significant addition to the prehistoric coastal archaeology of the region.
Introduction
Aquatic resource exploitation is thought to have played an integral role in subsistence strategies of humans from early times (e.g. Archer et al. 2014) , becoming increasingly important in the occupation of coastal areas (Bailey and King 2011; Erlandson 2001) . While in some cases this could constitute a large part of the diet, it could also be vital as a supplementary food source during times of stress (e.g. Meehan 1977 ).
Regions with high productivity and abundant marine resources can be attractive places for human occupation, during times of plenty as well as during famine. This is evidenced in part by the presence of shell middens on coastlines around the world, from a variety of periods from the Palaeolithic to present day (Bailey 2010) . Shellfish are by no means the only major resource in coastal zones; their remains are simply the most visible (e.g. Bailey et al. 2007) . Many other coastal and marine resources make coastlines very attractive places to live, including fish, marine and terrestrial mammals, birds, and a range of marine and terrestrial plants.
These marine and terrestrial attractors often come together in environments such as estuaries, deltas and coastal lagoon systems.
Shell midden sites do not necessarily represent evidence for fully developed coastal economies relying solely on marine resources (Gutiérrez-Zugasti et al. 2011) , even though they often dominate coastal archaeological assemblages. However, they can contain a wealth of other useful information on the past, from climatic proxy data, to artefacts, and evidence of other subsistence activities. They can also contain very well stratified deposits, increasing the resolution at which information can be derived from their investigation. They are usually better preserved than many other types of site, owing to the more durable nature of shells.
Combined, these attributes make shell middens useful and unique for archaeological investigation of the coasts.
Detection of shell midden sites has previously been largely restricted to traditional field survey. Here we employ remote sensing methods refined and field-tested for locating shell midden sites on the Farasan Islands in the south-east Red Sea in Saudi Arabian waters, and use these methods to construct a predictive model of shell-midden location (Meredith- Williams et al. 2014) . We then apply these methods and model to the inspection of satellite imagery over a wider area of the southern Red Sea, an exercise that serves both as a means of locating new sites and of further testing the model of site location developed in the Farasans. This exercise has resulted in the discovery of a large number of previously unknown shell middens particularly in the Dahklak Islands. We then compare the features of the shell middens in the Farasan and Dahlak Islands and examine what this may mean in terms of Red Sea crossings.
Shell Midden Sites in the Southern Red Sea
Until the last decade there were twenty published shell midden sites relating to the Red Sea dated to the Holocene, mainly in the south: three on its south-west coast in Eritrea (Bar-Yosef Mayer and Beyin 2009), the remainder, bar one, on its eastern coastline in Southern Saudi Arabia and Yemen (see Edens and Wilkinson1998; Durrani 2005) . The exception is a site on the north-west coast of Egypt (Vermeersch et al. 2005) . This concentration of sites towards the south may be due to research bias, but it also probably reflects the fact that the coastal morphology and ecology of the southern Red Sea is more conducive to coastal resource exploitation, with extensive archipelagos on both sides of the Red Sea, combined with shallow offshore topography/bathymetry, and many shallow bays that make for productive marine environments.
On the East side of the Red Sea six sites have been found in southwest Saudi Arabia, and seven sites in Yemen on the Tihama Plain. The
Comprehensive Archaeological Survey Program of Saudi Arabia dated five shell midden sites to between 6.3-5.4 ka cal BP, four located on the mainland, and one on the Farasan Islands. The sites were lower than 1m in height, and often quite broad; ostrich egg shell was recovered from one site, along with bones of hunted wild animals (Zarins et al. 1981 ). An additional site was identified further to the north in Al Birk dating to 5.7 ka cal BP (Bailey et al. 2007) , again being lower than 1m. In Yemen seven sites have been documented, dating to between 8-5 ka cal BP (Tosi 1986 ). These sites contain bones from both domesticated and hunted mammals and fish bones, and are less than 1m in height but some are quite extensive up to 150m across. A revival of interest in the region at the turn of the century resulted in further sites being identified and investigated, including the Al Birk site mentioned above.
In Eritrea, shell middens, including the earliest in the Red Sea at 8 ka cal BP (Beyin and Shea 2007; Bar-Yosef Mayer and Beyin 2009), demonstrate the existence of episodes of coastal exploitation during the mid-Holocene. However, the restricted number of sites (and their location inland on hill tops) is in contrast to the eastern side of the Red Sea where the majority of sites are located on Holocene palaeoshorelines. The Eritrean sites date between 8.5-5 ka cal BP, and are 50cm or less in depth, with evidence for ostrich eggshell working.
The remaining site on the west side of the Red Sea, in El Gouna, Egypt, is a 1.5m high mound dating to around 6.6 ka cal BP (Vermeersch et al. 2005) . The mound is part of a group; layers of sand within the stratigraphy appear to indicate periods of abandonment.
Beginning in 2006, new work on the Farasan Islands, on the east side of the Red Sea, revealed a hitherto unsuspected abundance of shell midden sites (Bailey et al. 2007) . Subsequent work has revealed 3000 sites that regularly reach heights of 3m, and occasionally heights of up to 6m; many of these are located directly on the contemporaneous palaeoshorelines (Meredith- Williams et al. 2014) . To date twenty shell midden sites have been excavated, and two dated to 5.4-4.4 ka cal BP (Williams 2010) . The excavations revealed a dominance of shell with very little matrix; fish bones were present, as well as bones of hunted mammals. Stone tool artefacts recovered from the excavations (from well stratified layers) and survey, demonstrate lithic sources not found on the Farasan Islands (basalt, obsidian, granite and schist). The closest sources for these materials is on the mainland; and their presence on the islands is therefore evidence of contacts with the mainland. Given the nature of the sites and this material it is therefore likely that fairly regularly seafaring of some description occurred during the formation of the sites.
Further research of sites on both sides of the Red Sea, using new techniques, has given tantalising insights into long-distance connections across the Red Sea (Khalidi 2010; Khalidi et al. 2010) . 
Evidence for Crossings
Evidence for sea crossings between the mainland and Farasan Islands alone is not enough to imply that people were crossing the Red Sea, even if the distance between the Farasan Islands and mainland is comparable to the distance across the Bab-al-Mandeb. Contact and trade across the Red Sea has been investigated by Khalidi (2010) Both sets of islands were formed by the same processes (salt deformation resulting in diapirism -salt domes uplifting the islands -see Heaton et al. 1995) , creating very similar physical environments that are influenced by very similar climatic and oceanographic conditions. It is likely that similar coastal environments and marine ecosystems existed on both archipelagos. The Farasan Islands have a very rich and productive marine ecosystem, supporting a large biomass (Gladstone 2000) . This has been extensively exploited in the past (from the mid-Holocene) to the present, by fishing and shell gathering. 
Identifying Shell Middens Using Remote Sensing Methods
In developing an understanding of shell midden site locations we used the following methods. Digital elevation data can give both an indication of palaeoshoreline location, and the type of intertidal and offshore subtidal environments.
For example cliffs, wave-cut notches and raised beaches along palaeoshorelines can be identified from DSMs (digital surface models) as breaks in slope. Following the identification of palaeoshorelines, the gradient of the littoral and sub littoral zones can also be assessedextensive shallow bays would offer better access to marine resources and higher probability of the presence of shell beds, which often grow in large numbers in shallow areas. Therefore areas with large shallow bays or shallow offshore areas (whether still extant or palaeo-features that have since been exposed) were prioritised, since we have found (on Farasan)
that shell middens are more likely to be concentrated around these features.
False colour composite satellite images can be used to identify changes in sediment; for example shallow palaeobays and palaeoshorelines are often evidenced by in-filled marine sediments. The different sediments and rocks show up on the images as different colours, allowing them to be distinguished from one another.
High-resolution satellite images can aid interpretation of landscape features such as palaeoshorelines (raised beaches, cliffs, wave-cut notches), and can also be used to identify shell midden sites. Google
Earth is often the best source of such data, displaying imagery from a range of sources such as Quickbird and World View 1 and 2. In arid regions such as the southern Red Sea, the lack of vegetation means that shell mounds are often easily visible because the lighter colour of the shells stands out against the darker colour of the surrounding land surfaces. The unique spectral signature of shell middens can also be detected on high-resolution false colour images; however these datasets were not available for this research owing to cost constraints. Highresolution satellite images can also record the shadow cast by some larger shell middens, in this region reaching heights of up to 6m during the mid-Holocene. based on where the known sites are located. This is predominantly in shallow bays, inlets, headlands and small offshore islands; the most common factor is the presence of accessible shallow sub-tidal environments, which would have been suitable for productive shell beds.
The final stage in the development of the predictive model is to groundtruth sites located from model prediction and satellite survey, to check for false positive results and to use these to refine the model. During fieldtesting, many sites were also measured, with dimensions and surface composition recorded. Selected sites were test pitted to obtain samples for dating and analysis. Application of this model using satellite imagery has enabled us to identify, remotely, large numbers of sites elsewhere, particularly on the Dahlak Islands.
Satellite imagery also enables us to address in more detail the likelihood and extent of sea crossings, raising a possibility/probability of sea crossings across the Red Sea from the African side to the Arabian, as well as to offshore archipelagos and within them. Finally a viewshed analysis was carried out using the GIS to calculate if it was possible to see the islands from their adjacent mainland from a position on the highest terrain.
Results
Multiple palaeoshoreline features were identified throughout the southern Red Sea, with the majority being located on islands (Figure 3 
Discussion
The site location model works particularly well in locating palaeoshorelines at a broader scale and using these to initiate the targeted higherresolution detection of sites. The reconstruction of palaeoshorelines has allowed an assessment of how the islands might have looked during the mid-Holocene when local relative sea levels were higher in this area (after Islands, these economies also included fish and gazelle (Bailey et al. 2013) , with shell-fish the most obvious component.
The fact that over 4200 sites have been identified in the southern Red Sea means that the archaeological record is heavily biased towards shellfish exploitation. This is because of the robust nature of the shells compared to other types of discard, and it is likely that this element did not contribute as great a component of the diet as suggested by the large number of surviving shells in the archaeological record (e.g. Meehan 1977 ). The robustness of the shell is what allows it to form mounds, and contributes to visibility in the archaeological record. Also, the taphonomy of the offshore islands in the Red Sea is suited to the preservation of shell mounds. The aridity and historically low population densities mean that shell mounds are less exposed to erosion, sedimentation, and site reuse and damage in later periods. The moisture that is available often promotes calcium carbonate re-deposition, which can help to stabilise the sites. They are therefore often highly visible in the landscape, particularly on high-resolution satellite images as described in this article.
The nature and variability of this bias can also be seen in the differences in assemblages between the excavated shell midden sites. The most notable difference is the presence of domesticates in some mainland shell middens, and their absence in the island sites (e.g. Tosi 1986; Bailey et al. 2013 ). The difference between mainland and island sites goes further than composition, as described above. Their shapes also differ, with mainland sites tending to be lower wider mounds (often c.1m high, 100m across - Bar-Yosef Mayer and Beyin 2009; Tosi 1986a>; Zarins et al. 1981) , with island sites often more restricted (<50m across), but sometimes being much taller (up to 6m, as recorded on the Farasan Islands). This could suggest two separate groups -herder-gatherers on the mainland and fisher-gatherers on the islands -or a group that engaged in these different activities at different times of the year, or even a group that split for part of the year. In a further complication, Beyin and Shea (2007) report inland shell middens around the palaeoshorelines of the Buri palaeolake. This raises the possibility that many different communities coexisted along the coastlines, living in different ways with different economies, and exploiting the resources as local conditions and opportunities dictated. However it is also possible that the sites are the result of contact across between the sixth and first millennia BC. This fits the main period for the accumulation of shell midden sites in the southern Red Sea that date to 8000-4500 ka cal BP (Bailey et al.2013; Bar-Yosef Mayer and Beyin 2009; Demarchi et al. 2011; Tosi 1986; Williams 2010; Zarins et al. 1981) . The fact that many of the sites accumulated on islands necessitates the use of boats and the distances involved in reaching the islands is comparable to that of crossing the Red Sea. These data and interpretations point to new lines of research. Many of the sites still need to be ground-truthed: further analysis using highresolution false colour composite images will also help to increase the accuracy of the method. Likewise the height of many of the sites could be calculated from high-resolution images using shadows where the sun is at a low angle. To further investigate the crossings, isotope analysis of human bone could be employed e.g. through strontium analysis which could be used to investigate where people lived during different parts of their lives.
Conclusions
The addition of c.1200 prehistoric shell midden sites on the west coast of the southern Red Sea and c.3000 on the east coast is a significant contribution to the archaeological record in the region. Although many of these sites will need ground-truthing, they demonstrate that the potential for prehistoric archaeology in the region is high, building on work previously undertaken.
We conclude that sea journeys were both feasible and undertaken from at least 6500 cal BP. We also conclude that crossings of the Red Sea were possible and likely undertaken, but cannot yet prove this with direct evidence in this study. We further conclude that the time depth of sea travel may go back to earlier periods of sea level, when coastal sites could have existed but are now hidden, evidence for which is being sought as part of the DISPERSE Project. This article raises questions for the future about the frequency and regularity of sea crossings.
The methodologies employed on the Farasan Islands to locate shell midden sites have been shown to work in some areas of the mainland (Meredith-Williams et al. 2014) . Although the methods may not be as conclusive in every setting, it is likely that they could be successfully adapted (such as through high-resolution false colour image manipulation) and employed in other arid and semi-arid coastal areas, particularly around the Arabian Peninsula and elsewhere in the world.
This research demonstrates that there is strong archaeological potential in the southern Red Sea, and that there is a significant prehistoric coastal archaeology element that demands future investigation.
